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A Gram (+) rod-shaped organism identified as a Rhodococcus sp. capable of
growth utilizing quinoline as the dominant carbon, energy, and nitrogen source
was isolated from soil. The isolate, designated as Rhodococcus sp. Q1 was also
capable of growth on 2-hydroxyquinoline, pyridine, 2,3-dimethylpyridine, cate-
chol, benzoate, and protocatechuic acid, suggesting a diverse capacity for
aromatic ring degradation. Concentrations of quinoline in excess of 3.88mM
were toxic. Although ring nitrogen was released into the growth medium as
ammonium, quinoline degradation was not limited by the availability of inor-
ganic N. A degradation product was isolated and identified as 2-hydroxyquino-
line on the basis of ultraviolet, fluorescence emission, and mass spectroscopy.
When grown on quinoline or 2-hydroxyquinoline, this bacterium produced
pigmented compounds. Copyright © 1996 Published by Elsevier Science Limited.

INTRODUCTION

In recent years there has been increasing concern
over the public health threat presented by the
introduction of N-heterocyclic compounds into
the environment (Sims & O’Loughlin, 1989;
Stuermer et al., 1982; Zachara et al., 1984). Little
is known of the environmental fate of N-
heterocycles. Quinoline and other related aromatic
N-heterocycles, especially pyridine and
alkylpyridines, are often found at locations
associated with oil shale (Dobson er al., 1985;
Leenheer et al., 1982) and coal processing (Pereira
et al., 1983; Stuermer et al., 1982), and at wood
treatment sitcs (Percira & Rostad, 1985). In many
cases, groundwater contamination has been
substantial. Of particular concern has been the
high water solubility and potential mobility of
many N-heterocycles through soil (Leenheer &
Stuber, 1981) which may contribute to
groundwater contamination by these compounds.
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Among N-heterocycles, pyridine has been the
most extensively investigated. Environmental fate
and ecotoxicity (Jori et al., 1983; Sims &
O’Loughlin, 1989) of pyridines have recently been
reviewed and this literature suggests that pyridines
may be degraded biologically. Considerably less is
known of the environmental fate of polycyclic
aromatic N-heterocycles. Recently, evidence has
been mounting to support biodegradation as a
means of removing azaarenes such as quinoline
from a range of environmental matrices including,
surface water (Cassidy et al., 1988), groundwater
(Godsy et al., 1992; Jensen et al., 1988), and soil
(Bennett er al., 1985). While bacteria capable of
degrading or transforming quinoline have been
reported (Brockman er al., 1989; Grant & Al-
Najjar, 1976), and degradative pathways have
been proposed (Miethling et al., 1993; Schwarz et
al., 1989; Shukla, 1986), little attention has been
given to potential nutrient limitations and to the
substrate specificity of these organisms.

The objective of this study was to isolate and
characterize a bacterium capable of using
quinoline as the dominant C, N, and energy
source.
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MATERIALS AND METHODS
Chemicals

Quinoline (98%) and 2-hydroxyquinoline (>99%)
were obtained from Aldrich Chemical Co., Inc.
(Milwaukee, WI). Organic solvents were HPLC
grade and purchased from J.T. Baker Inc.
(Phillipsburg, NJ) and Fisher  Scientific
(Pittsburgh, PA). All other chemicals were reagent
grade or better and obtained from Aldrich, Fisher,
or Sigma Chemical Co. (St Louis, MO).

Media and culture conditions

All cultures were maintained in liquid mineral salts
medium (MSM) containing 3.35 mM KCI, 1.04 mM
MgSO,, 2.67mM K,;HPO,, 2.86 mM KH,PO, and
1 ml 17" trace elements solution (Houghton & Cain,
1972), and supplemented with 50 mgl~' Difco™
yeast extract. The final pH of the MSM was 7.0.
Growth substrates were added as indicated. Unless
otherwise specified, cultures were maintained at 25—
28°C on a rotary shaker (150 rpm).

Isolation

In an effort to provide a diverse microbial
community for enrichment of a quinoline
degrading bacterium, a composite inoculum
consisting of equal parts of four soils (two
samples of Wooster silt foam (a fine, mixed, mesic
Typic Fragiudalf with an organic carbon (OC)
content of 1.4%) from NE Ohio and two samples
of Hoytville clay loam (a fine, illitic, mesic, Mollic
Ochraqualf; OC content of 2.3%) from NW Ohio)
and a paper mill sludge (Mead Paper Co.,
Chillicothe, OH) were used. None of the materials
had a known history of quinoline contamination.
One gram of inoculum was introduced into 50 ml
of MSM with 3.90 mM quinoline and 50 mgl™'
yeast extract. After 10 days of incubation, 1 ml of
the enrichment culture was transferred to 50 ml of
fresh liquid medium (of the same composition).
After incubating for four days, a bacterial
organism was recovered from the liquid
enrichment medium by streak plating onto
solidified quinoline-MSM (2% agar). A pure
culture of the isolate was started from a single,
well-isolated colony. The isolate was maintained
on quinoline agar slants. Suspensions of the
isolate stored in MSM:glycerol mixture (10:1; v/v)
at —20°C remained viable for > 2 years.

Cell composition, morphology, and growth
characteristics

Fatty acid analysis was performed by the Clinical
Microbiology  Laboratory of Ohio  State
University Hospitals with the Hewlett-Packard
5898A Microbial Identification System (MIS)
(Hewlett-Packard Corp., Avondale, PA). Fatty
acid methyl esters were prepared from bacterial
cell membrane lipids according to the
manufacturer’s  specified  procedures.  The
extracted lipids were separated and quantified by
high resolution capillary gas chromatography
using a flame ionization detector. Thin-layer
chromatography (TLC) to detect the presence of
mycolic acids in whole-cell methanolysates was
performed by the method of Minnikin et al.
(1980). Methanolysates were spotted onto Baker
Si250 silica gel-coated (250 um) glass plates (J.T.
Baker Inc., Phillipsburg, NJ). The solvent system
for single-dimensional development was petroleum
ether (bp 60-90°C) and acetone (95:5, v/v). Spots
containing mycolic acids were visualized by
spraying the plate with a 10% solution of
molybdophosphoric acid in ethanol and heating at
120°C for 15 min. Mycolic acid patterns were
identified by comparison with reference strains
(Rhodococcus equi (ATCC 6939) and Arthrobacter
crystallopoietes (ATCC 15481)).

Succinate- and quinoline-grown cells were
collected in log phase growth and prepared for
transmission electron microscopy (TEM) by fixing
in 4% glutaraldehyde in 0.1 M Sorenson’s
phosphate buffer (pH 7.4), washed with buffer
and fixed with 1% OsOy4. The fixed cells were
encased in 2% agar. Agar blocks were dehydrated
in a graded ethanol-water series, and washed in
propylene oxide. The dehydrated agar blocks were
embedded in Epon 812. Thin sections were
obtained with an MT-1 microtome and stained in
2% aqueous uranyl acetate and Reynolds lead
citrate. Transmission e¢lectron micrographs of the
sections were obtained on a Philips 300 TEM at
60 kV acceleration and were examined for
polyhydroxybutyrate and polyphosphate granules.
Cells were assayed for spore-forming ability by
growth on nutrient agar supplemented with
S0mgl~" MnSO,, followed by staining with
malachite green and counterstaining with safranin.

The optimum pH and temperature for growth
were determined in MSM containing 5.55 mM
glucose, and 3.33mM (NH,),SO, (molar
C:N=35:1) over a pH range of 59 (at 25°C) and
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temperatures ranging from 25 to 40°C (at pH 7).
Response to inorganic nitrogen sources was
examined in MSM containing 5.55mM glucose
and supplemented with (NH,), SO4; KNO;, or
KNO; to give a C:N of 5:1 (w/w). Growth was
measured as a function of optical density at 660
nm using a Beckman DU-40 UV-VIS
spectrophotometer. Urease activity was assayed by
growth response on Christensen Urea Agar
(Smibert & Krieg, 1982). To determine if
quinoline degradation was limited by the
availability of inorganic N, the isolate was grown
in MSM containing 0, 0.07, or 0.77 mM quinoline
with and without supplemental inorganic N as
0.5mM KNO;. To survey its catabolic activity,
the isolate was grown in MSM containing one of
a range of substrates including simple organic
acids and various aromatic N-heterocycles. All
cultures contained 100mgl~' of the given
substrate, with the exception of acridine, which
was added at 32mgl™' (its aqueous solubility
limit). Media not containing aromatic N-
heterocycles were amended with 0.15mM
(NH4),SO,4). The cultures were inoculated and
incubated under aerobic conditions. Growth was
measured as O.D. at 660 nm every 24 h for 7 days.

Determination of quinoline utilization and
degradation

To determine if growth of the organism was a
function of quinoline concentration, cells were
cultured in MSM buffered at pH 8, containing
initial quinoline concentrations ranging from 0 to
7.75 mM. The cells were collected by centrifugation
at 6.4x 10 rcf at 20°C for 10 min. Growth was
measured as a function of protein concentration of
the particulate fraction as determined by the
method of Lowry et al. (1951) standardized against
bovine serum albumin. The ability of the organism
to degrade quinoline was established by monitoring
quinoline disappearance from inoculated and
uninoculated cultures. Aliquants collected from
cultures initially containing 1.55 mM quinoline were
loaded onto Fisher Scientific P-453 C,¢ Solid Phase
Extraction (SPE) columns. Ammonium in the eluent
was determined colorimetrically by the indophenol
blue method (Keeny & Nelson, 1982); this
procedure was chosen for its inherent simplicity and
sensitivity, as well as a lack of interference from
quinoline-nitrogen (determined experimentally). The
components retained on the SPE column were eluted
with isopropanol. Quinoline in the eluent was

determined with a Varian 3700 capillary gas
chromatograph (GC) with a thermionic specific
detector, using an Alitech Econo-Cap® Carbowax
capillary column 30m x0.25 mm ID x0.25 pm film
(Alltech Associates, Inc., Deerfield, IL) and an
injector temp of 220°C, a detector temp of 240°C,
and an injection volume, 2 pl. The temperature
program included an initial 1 min isothermal at
150°C followed by ramping (10°Cmin~') to 180°C
(held for 10 min). Quinoline concentration was
calculated by comparison with peak areas of
external standards.

Isolation and identification of products of quinoline
metabolism

Batch (800 ml) cultures of MSM containing 1.35 mM
quinoline and adjusted to pH 8 were inoculated with
quinoline grown cells. Samples were collected at 0
and 24h after inoculation with subsequent samples
collected at 6 to 10h intervals. Quinoline
concentration  was determined by  gas
chromatography as described. For metabolise
identification, 100ml aliquants were filtered
(0.22pm nylon filter) and concentrated in 1 ml
isopropanol by SPE. Solid phase extraction also
served to remove a hydrophobic component of a
dark brown pigment formed by the organism during
growth on quinoline. Concentrated samples were
analysed by C,z reverse phase High Performance
Liquid Chromatography (HPLC) using an Applied
Biosystems Spheri-5 RP-18, 220x4.6 mm column
(Applied Biosystems, Santa Clara, CA) with a UV
detector at 254 nm in a mobile phase containing
30:70 methanol: 20 mM ammonium acetate (pH 6.9)
and a flow rate of 1 mimin~'. Fractions were
collected from the peak of an unknown compound
that coeluted with authentic 2-hydroxyquinoline.
Ultraviolet spectra of the unknown compound and
2-hydroxyquinoline were obtained using a Shimadzu
UV-160 recording spectrophotometer. Additionally,
fluorescence emission spectra of the metabolise and
2-hydroxyquinoline were acquired with a Perkin-
Elmer LS-5 fluorescence spectrophotometer.
Samples for mass spectroscopy were evaporated to
dryness in a rotary evaporator, followed by removal
of salts (mainly Na ") by loading the sample on a
Ciy SPE column and washing several times with
water before elution with methanol. The purified
residue was analysed by fast atom bombardment -
mass spectroscopy (FAB-MS). An exact mass-
spectrum (electron impact, resolution 7000-7500)
was also obtained. A VG-70-250S double focusing
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magnetic sector mass spectrometer (VG Analytical
Ltd, Manchester, UK) was used to obtain these
measurements.

RESULTS AND DISCUSSION
Identification and characterization of isolate

The quinoline-degrading isolate was a Gram
positive, non-motile, rod-shaped, aerobe. There
was no indication of endospore formation or
filamentous growth. Colonies were muccoid and
light orange when grown on quinoline agar and
other solid media used in this study. The capillary
gas chromatogram of the fatty acid methyl esters
from the unknown bacterium showed a similarity
quotient in the MIS for Rhodococcus and R.
rhodochrous of 0.682. The similarity quotient is a
numerical expression of how closely the fatty acid
profile of the isolate compares to the profile of the
database. For this system, a similarity quotient in
the range 0.5-1.0 is considered an acceptable
match. Other matches were not found. However,
due to the limited database and the genetic
similarities between Rhodococcus, Nocardia, and
Arthrobacter, subsequent diagnostic testing was
undertaken for positive identification. The TLC of
the sample of mycolates yielded a single mycolic
acid methyl ester, Ry = 0.55. Similarly, a single
mycolic methyl ester, (R = 0.5) was evident for
Rhodococcus equi, whereas none was evident for
Arthrobacter crystallopoietes. The TLC and MIS
results limited the possibilities to either a
Rhodococcus sp. or a Nocardia sp. Based on the
muccoid appearance of the colonies and the
absence of aerial hyphae, we concluded that the
isolate was a Rhodococcus sp. (Goodfellow, 1989)
and was given the designation Q1. Transmission
electron micrographs of succinate-grown cells
showed cell inclusions (Fig. 1), probably poly-8-
hydroxybutyrate granules (PHB) and
polyphosphate granules (not evident in Fig. 1). In
addition, a polymer coating was evident.
Conversely, quinoline-grown cells lacked PHB
granules or coatings.

Yeast extract was included in growth media to
meet the growth factor requirements of the isolate
(we were unable to determine which specific
growth factor(s) were required), and was required
for growth on all of the substrates tested. The
minimum concentration of yeast extract required
for quinoline degradation was 10 mgl™'. Above

200 mgl~', yeast extract eliminated quinoline
degradation and pigment production, probably
due to its preferential utilization.

The optimum pH for growth was pH 9 on
glucose and pH & to 9 on quinoline. At this pH all
the quinoline was present as the neutral species
(pK, for quinoline is 4.80). High pH optima have
been reported for other N-heterocycle-degrading
bacteria (Schwarz et al., 1988; Sims et al., 1986).
The optimum growth temperature was between 30
and 35°C. The isolate was able to use ammonium,
nitrate, and nitrite as nitrogen sources when
glucose was provided as the carbon source.
However, there was a longer lag period when the
strain  was grown on nitrate relative to
ammonium; 55 and 20 h, respectively (Fig. 2).
Ammonium was not released during growth on
Christensen Urea Agar, indicating a lack of urease
activity. Biodegradation of organic compounds
may be constrained under nitrogen-limiting
conditions. However, unlike the quinoline-
degrading Rhodococcus sp. isolated by Schwarz et
al. (1989), growth of isolate Q1 on quinoline did
not appear to be affected by the availability of
inorganic N (Fig. 3) within the quinoline
concentration range examined.

As with other Rhodococcus spp (Goodfellow,
1989), Q1 had the ability to assimilate a range of
organic substrates. Substantial growth was
observed on glutamine, propionate, succinate,
benzoate, and catechol, with restricted growth on
arginine and citrate (Table 1); optical densities
were normalized to the control (the yeast extract
present in the MSM supported measurable
growth). Of the substituted benzoates tested, only
3,4-dihydroxybenzoate  (protochatecuate) was
utilized for growth. Though the degradative
pathways of many aromatic compounds converge
to catechol or protochatecuate, utilization of these
intermediates does not necessarily imply a role in
the degradative pathway of quinoline.

Quinoline contaminated sites and waste streams
typically contain high levels of other mono and
polycyclic aromatic N-heterocycles (Leenheer ef al.,
1982; Pereira et al., 1983; Stuermer et al., 1982). Of
the 35 aromatic N-heterocycles tested, only pyridine,
2,3-dimethylpyridine, quinoline, and 2-
hydroxyquinoline supported growth of the isolate
(Table 1). Though growth on isoquinoline was
indicated, attempts to replicate this observation in
batch cultures were unsuccessful. All the other
compounds (acridine in particular) had an
inhibitory effect. The isolate was not able to utilize
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Fig. 1. Transmission electron micrograph of Rhodococcus Q1 grown on succinate showing poly-g-hydroxybutyrate granules
(PHB), and a polymer coating (PS). Bar represents 0.5 um.

coumarin, the O-heterocyclic analog of quinoline. In
a separate incubation, naphthalene, a homocyclic
quinoline analog, was not utilized for growth (data
not shown). Although the information on the
substrate specificity of other quinoline degrading
bacteria is limited, it suggests that, as a group, they
are quite specific. Of the N-heterocycles tested, most
isolates could degrade both quinoline and 2-
hydroxyquinoline (Aislabie et al., 1990; Grant & Al-
Najjar, 1976; Schwarz et al., 1988; Shukla, 1987).
However, Blaschke et al. (1991) isolated a
Rhodococcus sp. that was able to utilize quinoline, 2-
and 3-carboxyquinoline, 2- and 4-hydroxyquinoline,
and 2-methylquinoline and a Nocardia sp. isolated

by Pandey & Sandhyga (1991) degraded quinoline,
pyridine, 2- and 3-methylpyridine, and 2,6-
dimethylpyridine. Highly specific utilization of N-
heterocycles has been reported for microorganisms
capable of degrading pyridine (Sims et a/., 1986) and
2-methylpyridine (Shukla & Kaul, 1973).

Quinoline utilization, degradation, and metabolite
production

Growth of QI over a range of quinoline
concentrations (0.77-7.75 mM) is shown in Fig. 4.
Growth curves for the isolate at 0.77 and 1.55 mM
quinoline exhibit similar trends, with rapid growth
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Fig. 2. Growth of Rhodococcus Q1 in mineral salts medium containing 5.55 mM glucose supplemented with (NH4),SO4 (@),
KNO; (H). KNO; (W), or no additional N (O). Initial C:N=15:1 (g g~ "). Error bars equal one standard deviation.

occurring after a lag of 96 h. Optimum growth of
Q1! occurred in the range of 1.55 to 3.88 mM
quinoline. However, at 3.88 mM, the lag period
was considerably longer than at lower
concentrations. Quinoline at 7.75mM  was
completely inhibitory. Disappearance of quinoline
was concurrent with increasing biomass (protein)
and increasing ammonium concentration in the
medium (Fig. 5). Therefore quinoline degradation
proceeded at least to the point where the
heteroatom ring was cleaved and ring nitrogen
was released. Though it has been shown that upon
degradation, the nitrogen in quinoline can be
accounted for by the biomass-N and NH4-N
(Miethling et al., 1993), this is the first report in
which quinoline disappearance, biomass, and
ammonium production were monitored
simultaneously. Q1 utilized quinoline as the
dominant carbon, nitrogen, and energy source; a
characteristic  apparently common  among
quinoline-degrading bacteria (Aislabie et al., 1990;
Grant & Al-Najjar, 1976; Schwarz et al., 1988,
Shukla, 1987). Of the putative quinoline
metabolites tested (hydroxyquinolines), only 2-

hydroxyquinoline was utilized for growth. The
growth observed on the other substrates was
comparable to the level of growth supported by
the yeast extract in the MSM. In contrast,
Rhodococcus spp. isolated by Schwarz et al. (1988)
and Blaschke ef al. (1991) were able to degrade, in
addition to quinoline and 2-hydroxyquinoline, 6-
hydroxyquinoline and 4-hydroxyquinoline,
respectively.

In the batch (800 mL) cultures, quinoline
completely disappeared within 46 h (Fig. 6). A
metabolite that coeluted with authentic 2-
hydroxyquinoline was detected after 24 h
incubation and reached a concentration of
14.5uM after 46 h. Identical UV-spectra were
collected for the unknown metabolites and 2-
hydroxyquinoline  (Amax =227 nm). Similarly,
fluorescence emission spectra of the compounds
were similar. The FAB-mass spectrum of the
unknown had prominent peaks at m/z 146, 100%
(M)H™ and 168, 23% (M)Na"', matching the
FAB-MS of 2-hydroxyquinoline. The exact mass
of the metabolise (145.0527) was equal to the
theoretical exact mass of 2-hydroxyquinoline.
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Fig. 3. Growth of Rhodococcus Q1 on 0.0 (O,@), 0.07 (V,¥), and 0.77 mM quinoline ((J.W@) with (filled symbol) and without
(open symbol) supplementai N (0.5 mM KNOs). Growth at 0.0 mM quinoline was supported by the yeast extract in MSM.

These results confirm that 2-hydroxyquinoline is
the first stable intermediate in the degradation
pathway of quinoline for this strain.

All previous studies of the degradative pathway
of quinoline have identified 2-hydroxyquinoline as
the initial intermediate. Without the identification
of additional metabolites, it is not possible to
speculate on the degradative pathway for the
hydroxyquinoline formed by this isolate.
However, the accumulation of ammonium in the
growth medium indicates that the heterocyclic ring
is cleaved at some point in the pathway. The
HPLC chromatograms of samples taken after 46 h
in the incubation contained other peaks with
retention  times upstream from the 2-
hydroxyquinoline peak, indicating an increase in
polarity for these compounds. This would be
expected for the products of further degradative
reactions.

Production of a green pigment occurred during
log phase growth on quinoline, with cultures
turning brownish-green late in the stationary
phase. Pigment was not evident in the sterile
controls or in cultures which had initial quinoline
concentrations of less than 0.77 mM, even though

quinoline was utilized for growth. Pigment was
produced regardless of whether the media was
supplemented with NH, . Though growth on 2-
hydroxyquinoline was also accompanied by
pigment production, no pigmentation was evident
when the isolate was grown on glucose or
succinate as the sole carbon sources.

Pigment production during quinoline
biodegradation has been previously observed in
other bacteria. Formation of pink pigments with
absorption maxima ranging from 450-480 nm has
been reported for several Pseudomonas sp. and a
Nocardia sp. (Aislabie et al., 1990; Shukla, 1987).
After the appearance of a pink pigment, Schwarz
et al. (1988) observed the formation of a dark
green/brown pigment by three Rhodococcus
isolates, although only when quinoline or 2-
hydroxyquinoline were the sole C and N sources.
Furthermore, green pigment was occasionally, but
not consistently produced in 10 L fermentation
cultures of one of the Rhodococcus strains, Bl
(Schwarz et al., 1989). However, unlike the
Rhodococcus spp. isolated by Schwarz and co-
workers, Q1 did not produce a soluble pink
pigment during quinoline degradation.
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Table 1. Growth of Isolate on Selected Low Molecular Weight Organic
Acids, Aromatic Compounds, and Aromatic N-Heterocycles

Substrate®

0.D. 660 nm"

Normalized O.D°.

Organic Acids and Aromatic Compounds

MSM + YE + N¢ 0.05240.0026 0.000
arginine 0.038+0.0022 -0.014
glutamine 0.108+£0.0012 0.056
propionate 0.171£0.0189 0.119
succinate 0.113£0.0321 0.061
citrate 0.040+0.0005 -0.012
benzoate 0.2284+0.0165 0.165
2-hydroxybenzoate 0.051£0.0017 —-0.001
4-hydroxybenzoate 0.035+0.0009 -0.017
3.4-dihydroxybenzoate 0.1134+0.0245 0.061
phthalate 0.039-+0.0043 -0.013
catechol 0.138+0.0082 0.086
coumarin 0.056+0.0170 0.004
Aromatic N-heterocycles

MSM + YE® 0.08040.0026 0.000
pyridine 0.09240.0082 0.012
2-methylpyridine 0.049+0.0033 -0.031
3-methylpyridine 0.039+0.0029 -0.041
4-methylpyridine 0.038+0.0012 —0.042
2,3-dimethylpyridine 0.109+0.0134 0.029
2, 4-dimethylpyridine 0.03540.0036 -0.045
2,5-dimethylpyridine 0.038+0.0014 —0.042
2,6-dimethylpyridine 0.0360.0059 —0.044
2.4-dimethylpyridine 0.034+0.0012 —0.046
3,5-dimethylpyridine 0.0404-0.0012 —0.040
2.4,6-trimethylpyridine 0.044£0.0043 -0.036
2-cthylpyridine 0.04310.0045 -0.037
3-ethylpyridine 0.037+0.0021 ~0.043
2-hydroxypyridine 0.038+0.0019 —0.042
3-hydroxypyridine 0.031+0.0024 —0.049
4-hydroxypyridine 0.0361+0.0022 —0.044
2,3-dihydroxypyridine 0.041£0.0059 —0.039
2-pyridinecarboxaldehyde 0.0384:0.0024 —0.042
3-pyridinecarboxaldehyde 0.03740.0022 ~0.043
4-pyridinecarboxylic acid 0.0204-0.0009 —0.060
2.3-pyridinecarboxylic acid 0.03940.0029 —0.041
2.4-pyridinecarboxylic acid 0.070+0.0033 —0.010
3.4-pyridinecarboxylic acid 0.03940.0008 —0.041
3,5-pyridinecarboxylic acid 0.04240.0022 —0.038
quinoline 0.1124+0.0085 0.032
2-hydroxyquinoline 0.1114+0.0070 0.031
4-hydroxyquinoline 0.0394-0.0009 —0.041
5-hydroxyquinoline 0.054+0.0042 —0.026
8-hydroxyquinoline 0.02310.0045 —0.057
2.3-dihydroxyquinoline 0.039+0.0031 —0.041
2.4-dihydroxyquinoline 0.046+0.0035 —0.034
isoquinoline 0.1141+0.0268 0.034
acridine 0.01840.0024 —0.062

4 Purity of all chemicals (added at 100 mg 17!, except for acridine which has
an aqueous solubility of 32 mg 17!) was reagent grade or better.

P Mean + standard deviation (n=3). Values represent maximum measured
0.D. which were observed between 24 and 216 h depending on the growth
response of Q1 on the given substrate.

¢ Difference in O.D. units between control cultures and cultures with added
substrate.

4 Mineral salts medium containing 30 mg 1 ' yeast extract and 0.15 mM
(NH4),80..

¢ Mineral salts medium containing 30 mg 1 ' yeast extract.
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Fig. 4. Effect of quinoline concentration, 0.77 (O). 1.55 (@), 3.88 (V), and 7.75 (W) mM, on growth of Rhodococcus Q1. Error
bars equal one standard deviation.

While the majority of quinoline degrading
bacteria which have been reported have been
pseudomonads, quinoline degrading rhodococci
have been isolated by Schwarz et al. (1988) and
Blaschke et al. (1991). However, there are
significant differences between Q1 and previously
described quinoline-degrading Rhodococcus spp.
Q1 was isolated from a composite of soils from
the midwestern United States. The rhodococci
isolated by Schwarz et al. were isolated from
activated sewage sludge from Germany. Blaschke
et al. isolated their Rhodococcus sp. from compost,
again from Germany. Q1 requires growth factors,
while the other reported quinoline-degrading
rhodococci do not. There were also differences in
the abilities of these Rhodococcus spp. to utilize
alternative substrates. QI was able to wutilize
protocatechuate and catechol but did not utilize
phthalate, however the Rhodococcus spp. isolated
by Schwarz and co-workers could degrade
phthalate but not protocatechuate or catechol
(none of these compounds was examined by
Blaschke ef al. (1991)). We examined a much
broader range of alternative N-heterocycle
substrates than previous studies. Among the N-

heterocycles in common with the other studies, 4-
hydroxyquinoline was not degraded by QI but
was utilized by the Rhodococcus sp. isolated by
Blaschke er al. Unlike Rhodococcus sp. Bl
(Schwarz er al., 1989), the growth response of Q1
on quinoline was independent of the addition of
inorganic N to the medium. Production of
pigments during quinoline degradation is
commonly reported. However, while both QI and
the Rhodococcus spp. isolated by Schwarz et al.
(1988) both produced green to greenish brown
pigments when grown on quinoline or 2-
hydroxyquinoline, Q1 did not produce a soluble
pink pigment, suggesting that there are differences
in the process of pigment formation between these
organisms. Blaschke et al. (1991) did not report
pigment production by their Rhodococcus sp.

In summary, the isolate, a Rhodococcus sp., was
capable of growth on  quinoline, 2-
hydroxyquinoline, pyridine, 2,3-dimethylpyridine,
catechol, benzoate, and protocatechuic acid
suggesting a diverse capacity for aromatic ring
degradation. Complete mineralization of the
heterocyclic ring of the quinoline molecule was
apparent. Quinoline in excess was toxic to the
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Fig. 6. Quinoline (A) and 2-hydroxyquinoline (@) concentration during a 72-h batch fermentation of Rhodococcus Ql.

organism, as was acridine, a common co- hydroxyquinoline. The first step in quinoline
contaminant at quinoline contaminated sites. degradation is hydroxylation at the two position,
Extensive pigment production was invoked by as has been observed in other organisms.

exposure of the organism to quinoline or 2- The results demonstrate that biological
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degradation of quinoline and related compounds is
a promising approach for remediation of
contaminated sites providing the concentration of
contaminants is not high enough to inhibit
quinoline degraders. The presence of a suite of
aromatic N-heterocycles at quinoline
contaminated sites and the limited range of
substrate specificity of N-heterocycle degraders
suggests that successful remediation will require a
consortium of degraders. Furthermore, the data
suggest that co-contaminants, such as acridine,
that have an inhibitory effect on growth may be
more important than the compound of interest in
determining the success of such a bioremediation
effort.

The isolate has been deposited in the American
Type Culture Collection and is designated as
Rhodococcus sp. ATCC 49988.
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